We describe various experimental approaches that have been used to obtain a detailed understanding of double hydrogen transfer in porphycene, a model system for intramolecular hydrogen bonding and tautomerism. The emerging picture is that of a multidimensional tautomerization coordinate, with several vibrational modes acting as reaction-promoters or inhibitors through anharmonic intermode coupling. Tunnelling processes, coherent in the case of isolated molecules and incoherent in condensed phases, are found to play a major role even at elevated temperatures. Single-molecule spectroscopy studies reveal large fluctuations in hydrogen transfer rates observed over time for the same chromophore.
Introduction
Proton or hydrogen transfer reactions look simple on paper, but, because of nuclear quantum effects of the proton, the precise description of the transfer dynamics may be extremely complicated and still remains a challenging research topic. The understanding of these fundamental processes is crucial not only for chemists: such reactions are ubiquitous in nature, often involving multiple proton transfer events. In many cases hydrogen/proton transfer reactions occur via a hydrogen bond and the hydrogenbonding geometry largely affects the potential landscape, i.e. the reaction dynamics. Therefore, it is of fundamental importance to elucidate the correlation between them. The hydrogen-bonding geometry may be susceptive to the surrounding of a molecule in condensed phases and the transfer rate can be significantly changed under different conditions. However, it is difficult to obtain molecular-level understanding about such environmental impacts and single-molecule experiments are desirable to achieve this purpose.
Porphycenes, structural isomers of porphyrins, 1,2 emerge as good models for studying intramolecular single or double hydrogen transfer processes. [3] [4] [5] [6] [7] Tautomerization, occurring in an inner molecular cavity consisting of four nitrogen atoms, is observed in both ground and excited electronic states. Three doubly degenerate tautomeric forms are possible (Fig. 1) . The dimensions of the cavity, which determine the strength of the intramolecular hydrogen bonds, can be modified in a controlled fashion by appropriate substitution of peripheral groups, providing a series of compounds useful to examine correlations between the hydrogen bonding geometry and tautomerization dynamics. 8 A variety of electronic and vibrational spectroscopy techniques have been applied to investigate the molecular structure and tautomerization dynamics, including supersonic jet isolation and single molecule studies using fluorescence imaging and surface-enhanced resonance Raman scattering. [9] [10] [11] [12] [13] The direct observation of single-molecule tautomerization has also been performed using low-temperature scanning probe microscopy. [14] [15] [16] [17] [18] In this perspective article we describe emerging methodologies and recent progress in tautomerization studies of porphycenes using various and different experimental techniques. Spectroscopic studies on molecules isolated in supersonic jets are discussed first. Their electronic spectra exhibit characteristic tunnelling splitting of vibronic levels, a clear signature of coherent tunnelling of the inner protons. The splitting values are found to be susceptive to excitation of a specific vibrational mode of a molecule, which demonstrates that the tautomerization coordinate has a multidimensional character and proton delocalization is significantly affected by the modulation of the potential landscape. 19 Next, the results obtained for porphycenes in condensed phases are described. An important finding is that the main mechanism of tautomerization involves tunnelling, which is dominant even at room temperature in solutions. 20 A spectacular confirmation of tunnelling is the variation of the tautomerization rate -exceeding three orders of magnitude -with the distance between nitrogen atoms bridging the intramolecular hydrogen bonds. 8 
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In the third part, the main results obtained from single molecule studies are presented. Three complementary techniques have been used: (a) fluorescence imaging; (b) surfaceenhanced resonance Raman scattering; (c) low-temperature scanning tunnelling microscopy. Investigations of tautomerization in single molecules allowed observations that would have been impossible to obtain in bulk studies, such as temporal variations of hydrogen transfer rates by many orders of magnitude, the detection of rare cis isomers, or the local environmental impact on the tautomerization behaviour.
We conclude by summarizing the current state of knowledge on tautomerism obtained from porphycene studies and by discussing future challenges aiming at elucidating the complex multidimensional nature of the tautomerization dynamics and possible applications of single-molecule tautomerization as a molecular switch in combination with molecular architecture on surfaces.
Results and discussion

Molecules isolated in supersonic jets
Fluorescence spectra measured in supersonic jets usually consist of spectrally narrow lines. Moreover, it is possible to observe non-relaxed emission occurring from the initially excited vibronic level (single vibronic level fluorescence, SVLF). Therefore, such measurements provide detailed information about the vibrational structure, not only in the ground electronic state, but also in S 1 . The latter is obtained by recording laserinduced fluorescence excitation (LIF) spectra.
Both LIF and SVLF spectra obtained for porphycene isolated in supersonic jets reveal the splitting of vibronic levels into doublets ( Fig. 2) . 19, [21] [22] [23] [24] The splitting disappears when the inner protons are replaced by deuterons, or when porphycene forms a complex with water or alcohol in the jet, 21 suggesting that its origin can be attributed to coherent tunnelling of the inner protons occurring in a symmetric double minimum potential of the lowest energy trans tautomers. The spacing between doublet components is constant in LIF, but significantly varies for vibrational levels in the ground state probed by SVLF. 19 These results indicate that the tunnelling splitting in S 1 is negligible compared to S 0 , and the constant value of separation between the doublet components observed in LIF, 4.4 cm À1 , results from the splitting in the vibrational levels in S 0 . This interpretation has been confirmed by measurements for porphycene embedded in an ultra-cold environment of helium nanodroplets (0.37 K). 25 Under these conditions, the upper level of the doublet is not populated in S 0 , and the splitting is not observed in fluorescence excitation spectra. However, it does appear in the emission, because the splitting of the lowest vibrational level in S 1 is very small, so that both energy levels can be populated.
The observation of different splitting for different vibrational modes indicates a multidimensional character of the tautomerization coordinate. Depending on the vibrational state, porphycene experiences a different barrier to double hydrogen transfer. Both tautomerization-promoting and inhibiting modes are observed, which make tunnelling splitting larger or smaller than the value for the ground vibrational state, respectively. 19 For the majority of vibronic bands, the splitting is similar to that observed for the transition between the lowest vibrational levels in S 0 and S 1 ; therefore, the corresponding modes are described as ''neutral''. However, a neutral mode can become promoting in the porphycene in which all twelve peripheral hydrogen atoms were replaced by deuterium, 
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because the displacement vector of the mode is different from that of the non-deuterated molecule. 24 Simulations of tautomerization in porphycene using Car-Parrinello molecular dynamics 26 confirmed the model of promoting and inhibiting vibrational modes. An interesting case arises for simultaneous excitation of two vibrations of opposite nature. Calculations predict that the enhancing character dominates. Indeed, experimentally observed splitting in such cases shows values between those observed for neutral and promoting modes.
Molecules in condensed phases
Due to the inhomogeneous and/or fluctuating environment of individual molecules, tautomerization of porphycenes in condensed phases, such as solutions, glasses, polymer matrices or crystals, becomes an (incoherent) rate process. 8, 20, [27] [28] [29] [30] [31] [32] It seems natural to assume that due to perturbations of solute molecules by the environment, coherence is quickly lost and the superposition state of protons is quenched. On the other hand, thermal fluctuations might deliver energy enabling the protons to move over the potential barrier, enhancing a classical thermally activated mechanism. Nevertheless, an incoherent tunnelling process was observed for porphycene in condensed phases even at room temperature. 20 In order to elucidate the tautomerization mechanism in porphycene and its derivatives, the reaction rates have been determined for a number of differently substituted derivatives under various conditions. 8, 20, [28] [29] [30] [31] [32] It is not a trivial task to measure the rate, since the initial and final tautomeric forms are identical. Therefore, the underlying principle of the measurements is based on the fact that the directions of electronic transition dipole moments rotate significantly (e.g. by a = 721 for the S 1 ' S 0 transition in bare porphycene, see Fig. 1 ) when a molecule undergoes trans-trans tautomerization. Therefore, fluorescence emitted by an ensemble of immobilized molecules which are excited with pulses of linearly polarized light becomes less polarized with time elapsed after excitation, as more and more molecules undergo tautomerization. This gradual depolarization of the emitted light can be described in terms of fluorescence anisotropy r defined as 33
where I J and I > denote the intensities of light emitted with polarizations parallel and perpendicular to the polarization axis of the excitation light, respectively. For an ensemble of randomly oriented molecules, fluorescence anisotropy is equal to 0.4 if transition dipole moments do not rotate between the excitation and photon emission events. Tautomerization with rate constant k leads to exponential decay of anisotropy from the initial value r 0 = 0.4 down to an asymptotic value r N :
where t is the time elapsed after pulse excitation. For a fully reversible double hydrogen transfer between two ground levels in a symmetric double well potential, r N is the arithmetic mean of r 0 and the anisotropy r a of a molecule with the transition moment rotated by a:
where r a ¼ 3 cos 2 a À 1 5 : Measurements of time-resolved fluorescence anisotropy are straightforward, but allow the determination of tautomerization rates of porphycenes only in the electronic excited state S 1 . 34 Therefore, we have resorted to measurements of ultrafast transient absorption anisotropy in which molecules are excited with a linearly polarized pump pulse and the change in absorption due to optical excitation is monitored by a subsequent probe pulse, delayed with respect to the pump pulse. Transient absorption can be simultaneously recorded for polarizations parallel and perpendicular to the polarization of the pump pulse and its anisotropy can be calculated in full analogy to the fluorescence-based technique. However, transient absorption anisotropy measurements offer an important advantage over the latter: by careful selection of probe wavelengths, different transitions can be monitored. Thus, when the probe pulse is tuned to the S 2 ' S 0 transition and the pump pulse excites molecules to the S 1 state, the main contribution to the transient signal comes from S 0 (because S 2 is not populated) and tautomerization in the electronic ground state can be monitored. On the other hand, by tuning both pulses to the S 1 ' S 0 transition both S 0 and S 1 states are simultaneously interrogated. In a typical experiment two anisotropy decays r(t), each for a probe wavelength corresponding to one of the abovementioned transitions, are recorded by the stepwise increase of time delay t between the pump and probe pulses ( Fig. 3a) . Afterwards the reaction rates in both S 0 and S 1 are derived by simultaneous fitting of the two measured anisotropy decays. This technique, in combination with femtosecond wavelengthtunable laser pulses, enabled measurements of tautomerization rates spanning over 3 orders of magnitude, from less than 100 fs to over 100 ps. 8 Eqn (2) describing anisotropy kinetics does not take into account its decay due to rotational diffusion. Even though it can be modified to include this effect, accurate determination of tautomerization rates requires timescales of tautomerization and molecular rotations to be well separated. This condition can be best realized by embedding the target molecules in polymer matrices where the rotations are hindered on the timescales of anisotropy decays. However it turned out to be sufficient to dissolve them in highly viscous solvents such as paraffin oil or ethylene glycol. 8, 28 Transient absorption anisotropy decays are also affected by the deactivation of the excited state, which cannot be neglected if decay times of the excited state population and anisotropy become comparable. The exact formula describing transient absorption anisotropy kinetics is derived in ref. 8 .
The choice of solvents raised a question concerning their influence on the reaction rates and the mechanism. Measurements carried out at room temperature did not indicate any significant differences between various solvents and PMMA matrices. This observation leads to a conclusion that tautomerization is insensitive to the environment of the molecule and the geometry of the molecular cavity consisting of four nitrogen atoms is not affected by the surroundings. Nevertheless, recent experiments suggest that the environment may affect the tautomerization in polymer matrices at cryogenic temperatures (below 150 K). If such effects are confirmed, they could explain a large discrepancy between the results obtained by transient absorption 20 and low-temperature steady-state fluorescence anisotropy 34 measurements.
In contrast to the lack of the influence from the surroundings of a molecule, room temperature tautomerization rates of Fig. 3 (a) Anisotropy kinetics recorded for porphycene in paraffin oil with S 1 ' S 0 excitation at 635 nm and probe wavelengths of 550 or 635 nm (when the S 2 ' S 0 transition is probed at 550 nm, the initial anisotropy is close to À0.2 because the S 2 ' S 0 and S 1 ' S 0 transition moments are almost perpendicular to each other). (b) Tautomerization rates recorded for a series of porphycene derivatives in the ground (k 0 ) and first singlet excited state (k 1 ) plotted as a function of the calculated N-N donor-acceptor distance. (c) The same data as in panel b, but for a subset of porphycene derivatives with the N-N distance close to 2.65 Å.
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Open Access Article. porphycenes are strongly modified by substitution at the molecular periphery, either at the pyrrole rings or at the meso positions. 8 Such a substitution changes the geometry of a molecule, in particular the donor-acceptor N-N distance in the cavity. Thus, the effect of the substitution on tautomerization rates can be explained in terms of the potential landscape modification, i.e. the variation of the hydrogen bond strength. This effect is drastic, as the decrease of the N-N distance by merely 10% leads to the increase of the tautomerization rate by three orders of magnitude ( Fig. 3b ). Such a strong dependence of the reaction rate on the barrier shape is a strong indication that tunnelling may be involved in the process, because the tunnelling probability depends (in WKB approximation) exponentially on the square root of the barrier height and width. Nevertheless, the donor-acceptor N-N distance is not the only factor affecting tautomerization rates, which becomes apparent from a closer look at molecules with the distances close to 2.65 Å (Fig. 3c ). Even though the geometry of the substituted molecules is very similar, hydrogen transfer rates can differ significantly, with the bare porphycene tautomerizing at the slowest rate (for this subset of molecules the tautomerization rate seems to weakly increase with the N-N distance). This observation can be explained by the influence of additional, low frequency vibrational modes introduced by the substituting groups, which are thermally populated. These modes can couple to the tautomerization path as it was revealed in high resolution spectroscopic studies discussed in the preceding section. The larger number of vibrational states available for thermal excitation at room temperature should facilitate hydrogen transfer in such a case. When the contribution of quantum tunnelling in hydrogen transfer reactions is suspected, the rates should be examined upon isotope substitution of the transferred hydrogen by deuterium and/or across a range of temperatures in order to confirm it. According to a commonly applied Bell model 35 which explicitly takes tunnelling into account, H/D substitution should lead to at least 7-fold reduction of the reaction rate at 300 K if tunnelling is involved. Experiments with deuterated porphycene and its derivative, 2,7,12,17-tetra-t-butyl porphycene in solution (mixtures of ethanol-d 1 with methanol-d 1 or methanol-d 1 with ethylene glycol-d 2 ), revealed the room temperature isotope effect within this limit for the parent molecule (k H /k D = 4.3 AE 0.3 in S 0 and 5.0 AE 0.4 in S 1 ) and slightly exceeding it (k H /k D = 8.0 AE 0.5 in S 0 and 7.7 AE 0.4 in S 1 ) for the tert-butyl derivative. 29 Here, values close to the theoretical limit are inconclusive because the Bell model does not take into account the multidimensionality of the potential surface and coupling of hydrogen movements to vibrational degrees of freedom (e.g. skeletal modes). It may also not take into account the zero-point energy correction in the transition state. Therefore, further insight into the mechanism of porphycene tautomerization in the condensed phase could be obtained only by temperature-dependent measurements. For the parent porphycene and its 2,7,12,17-tetra-t-butyl derivative, anisotropy kinetics in glass forming mixtures of ethanol and methanol were measured down to 60 and 30 K, respectively. Additionally, measurements at elevated temperatures in ethylene glycol were carried out up to 400 K. As expected, anisotropy decays slowed down as temperature decreased. However, this was not the only effect seen in anisotropy decays: at the lowest temperatures (below approx. 150 K) asymptotic anisotropy values increase when temperature decreases (Fig. 4a ). It is very unlikely that the geometry of porphycene changes, and therefore this effect should be rather interpreted as due to an increased number of molecules which do not undergo tautomerization and maintain the initial anisotropy (r 0 = 0.4). This explanation is particularly plausible in the context of single-molecule studies described below, which show that tautomerization at room temperature can be stopped in certain molecules. Such an effect is even more likely at low temperatures, when molecules are ''frozen'' into a rigid environment. Depending on the local structure of this environment, tautomerization may be blocked or not. The temperature dependence of tautomerization rates clearly exhibits non-classical behaviour: deviations from straight lines in Arrhenius plots of ln k as a function of 1/T (Fig. 4b and c ). In particular, plateaus reached at the lowest temperatures correspond to a region of temperature-independent pure tunnelling in the vibrational ground state of a molecule. When temperature increases, thermally activated channels contribute to the process. Taking into account various vibrational modes that can couple to the hydrogen transfer we should model the temperature dependence of tautomerization rates by the function:
where k 0 is the pure tunnelling rate and E n are the activation energies of additional reaction channels with corresponding pre-exponential factors k n . It turned out that two such channels (N = 2) are required to reproduce the experimental data. All four Arrhenius plots, for both molecules in the electronic ground and excited states, could be fitted with functions sharing one of the activation energies, E 1 = 0.52 kcal mol À1 (which corresponds to approximately 180 cm À1 ). The same activation energy has been found earlier in steady-state measurements of fluorescence anisotropy at low temperatures (60-200 K) . 34 This value exactly matches the energy of the 2A g mode which is tautomerization-promoting and exhibits the largest tunnelling splitting in SVLF studies. This vibration strongly modifies the geometry of the inner cavity (donor-acceptor N-N distance) and consequently straightens the N-HÁ Á ÁN hydrogen bond; thus, it modulates both the width and the height of the potential barrier for the hydrogen transfer. Because of the exponential dependence on these parameters, the tunnelling probability averaged over the oscillation period is larger than in the vibrational ground state. In conclusion, the thermally activated tautomerization channel with the activation energy of 0.52 kcal mol À1 must be identified with tunnelling from the vibrationally excited state of the 2A g mode at 180 cm À1 . The second temperature-dependent channel, with the activation energy exceeding 1.5 kcal mol À1 (525 cm À1 ), can be attributed to a classical (over the barrier) process. However it cannot be excluded that it also contains the contribution of vibrationally assisted tunnelling, as a mode calculated at 947 cm À1 (ca. 2.7 kcal mol À1 ) was also predicted to promote tautomerization. 36 Even if we assume that all other channels are classical, the two tunnelling paths, one starting from the vibrational ground state, and the other enhanced by the 2A g mode, contribute more than 45% (parent porphycene) and 75% (tetra-t-butyl derivative) to the total S 0 tautomerization rate at room temperature (Fig. 4d) . These results clearly demonstrate that even in the condensed phase at elevated temperatures hydrogen transfer can be dominated by quantum mechanisms. It is instructive to compare incoherent tunnelling rates in the condensed phase with tunnelling splitting D measured in isolated molecules. In the latter, coherent tunnelling in a symmetric double-well potential leads to periodic Rabi oscillations of a particle wavefunction between the two wells with a frequency D/h, where h is the Planck constant. Twice of this frequency can be interpreted as a rate of particle transfer between the two positions. The measured value of D = 4.4 cm À1 in the vibrational ground state of parent porphycene in a supersonic jet and helium droplets is equal to 2.6 Â 10 11 s À1 . The tunnelling rate obtained for the lowest vibrational level in S 0 in solutions, k 0 = (0.60 AE 0.02) Â 10 11 s À1 , is only 4 times lower than the coherent limit. This means that the perturbation of the symmetric double-well potential by interactions with the environment only moderately hinders tunnelling in the studied example. The solvent exerts even a weaker effect on tunnelling in 2,7,12,17-tetra-t-butyl porphycene, for which D = 9 cm À1 which gives the upper tunnelling rate limit at approximately 5.4 Â 10 11 s À1 . This value is only 40% higher than the incoherent tunnelling rate measured to be k 0 = (3.8 AE 0.2) Â 10 11 s À1 .
Inspection of tunnelling splitting values also allows the verification of the proposed mechanism of tunnelling enhancement through vibrational excitation. The incoherent tunnelling rate should be proportional to the square of the tunnelling splitting. 37 The latter was measured to be 12 AE 1 cm À1 at the v = 1 level of the 180 cm À1 (2A g ) mode of the parent porphycene. The tunnelling rate in this vibrational state, k 1 in eqn (5) , was determined to be (5.4 AE 0.2) Â 10 11 s À1 . The ratio k 1 /k 0 = 9.0 AE 0.5 (incorrectly reported to be 7.0 in ref. 20) is in acceptable agreement with the square of the tunnelling splitting ratio, (12 cm À1 /4.4 cm À1 ) 2 = 7.4 AE 1.3.
Analogous temperature-dependent measurements of tautomerization rates in molecules with two inner protons substituted by deuterons surprisingly revealed a very weak (by less than a factor of 3) enhancement of tunnelling by the 180 cm À1 mode. In WKB approximation, the probability of tunnelling is proportional to the exponential function of the square root of barrier dimensions multiplied by the particle mass. Thus, it seems that any effects related to the modulation of the tautomerization barrier should be stronger for a more massive particle. This does not agree with the observations. Apparently, a static model cannot be applied here and the theory of the so-called vibrationally assisted tunnelling in a double-well potential is more appropriate. [38] [39] [40] According to this model, periodic modulations of the potential that are much faster than the tunnelling rate increase the tautomerization rate. The degree of this enhancement is much lower if the mass of a tunnelling particle is doubled, in agreement with our observations. The isotope effect should be understood here as the ratio of vibrational enhancements (k 1 /k 0 ) for both isotopologues. Its value could not be reliably established, because the k 1 values for deuterated molecules were very close to 0 and determined with relative uncertainties exceeding 100%. Nevertheless, the isotope effect is expressed here as a qualitative change in the dynamics of the studied molecules, as one of the tautomerization channels is practically blocked upon H/D exchange. This finding can also explain why the room temperature isotope effect on total tautomerization rates is rather low (Fig. 4e) and not significantly exceeding the Bell model limit, even though, as shown earlier, tunnelling effects are crucial for nondeuterated molecules. 20 First, in deuterated molecules one of the tunnelling channels is inactive and classical processes can dominate at room temperature. Second, neither vibrationally enhanced tunnelling nor dynamic effects of periodic potential modulation via anharmonic intermode coupling, apparently very important in porphycenes, are taken into account in this model.
Summing up, tautomerization studies of porphycenes in the condensed phase have revealed two tunnelling channels: one occurs in the vibrational ground state and the other, significantly accelerated, in the vibrationally excited state. These two quantum channels dominate the overall reaction rate at low temperatures and their contribution may exceed 50% even above room temperature. The influence of decoherence due to interactions with a surrounding environment seems to be rather weak concerning the transfer rates because those in the condensed phases are not much lower than the upper limit of coherent tunnelling. The tunnelling rate enhancement by vibrational excitation appears to be an effect of quantum dynamics in a periodically modulated double-well potential, which results in a lack of this effect for deuterated molecules. Measurements at cryogenic temperatures (in particular below 150 K) indicated that the tautomerization properties of porphycenes may be affected by the local environment, in contrast to the regime of room temperature, where tautomerization rates seem to be independent of the medium. Bulk measurements, obviously, cannot investigate the differences between individual molecules surrounded by various local environments. This problem will be addressed in the following section.
A general remark seems to be appropriate regarding the methodology of tautomerization rate measurements based on the rotation of transition moments upon trans-trans conversion. While this effect is obvious when the two tautomers are chemically equivalent (self-exchange reaction), in an unsymmetrically substituted compound the transition moment direction may become ''locked''. So far, such behavior has been detected for only one derivative, 9-amino-2,7,12,17-tetraphenylporphycene, 30, 41 but it can be expected also for other, strongly asymmetric porphycenes. Since the transition moment directions in the two trans forms should not be exactly parallel, the determination of tautomerization rates is still possible, albeit experimentally more challenging, because rather small anisotropy changes have to be analysed.
Tautomerization in single molecules
Fluorescence imaging of double hydrogen transfer. Because of interconversion between trans tautomers via double hydrogen transfer, single porphycene molecules emitting fluorescence behave not as a single transition dipole, but as two such dipoles forming a large angle (72 AE 31). 9, 27, 28 This leads to characteristic spatial fluorescence intensity patterns obtained while raster scanning a thin (ca. 30 nm) polymer layer that contains porphycene molecules spaced at least several microns apart. [9] [10] [11] The technique has been described in detail in another PCCP Perspective paper. 42 We note that the procedure of using transition moment directions to observe tautomerization may be reversed: knowing the angle between the two transition moments allows the determination of the 3D orientation of single porphycene chromophores, as has been demonstrated for 2,7,12,17-tetra-tert-butylporphycene in a polymer matrix. 10 The observation of tautomerization in single molecules enabled us to reveal an effect that would have been inaccessible in bulk studies. Analysis of nearly 900 molecules of 2,7,12,17tetraphenylporphycene, one by one, revealed the existence of a small subpopulation in which the double hydrogen transfer could be temporarily frozen for periods of seconds to minutes. 11 This was demonstrated by visualizing the spatial fluorescence intensity patterns recorded in consecutive scans (Fig. 5) . Their shape changes from a double lobe to doughnut, indicating the localization of the inner hydrogens on the timescale of the image recording, or a rapid tautomerization, respectively. The image evolution indicates that after (or before) the molecule is in the regime of rapid tautomerization, the protons become localized. This is a spectacular phenomenon, given that the average reaction time determined in ensemble studies was of the order of single picoseconds. The effect was explained by the deviation of the molecular geometry and/or the environment from a symmetric double minimum potential. For the molecule under study, the torsional motion of the phenyl substituents is a good candidate for the distortion coordinate.
Single molecule Raman studies. Placing porphycene onto a plasmonic nanostructure, such as gold or silver nanoparticles, leads to quenching of fluorescence and enhancement of the Raman signal. Surface-enhanced resonance Raman spectra (SERRS) have been obtained for single porphycene and isotopologues. 12, 13 The spectra reveal features that are characteristic for single molecules, such as blinking, sudden photobleaching, temporal and frequency fluctuations of intensities of different vibrational bands. Regarding tautomerization, the vibrational pattern 43 leaves no doubt that the spectra correspond to trans tautomers. However, while recording a series of spectra (about 3 per second) for a longer time (up to several minutes), infrequent reversible changes were observed (Fig. 6) . Supported by quantum-chemical calculations, these changes were interpreted as markers of trans-cis-trans tautomerization events, indicating that the population of the cis form is possible for a molecule in a heterogeneous environment. This conclusion was fully corroborated by scanning probe microscopy investigations of single porphycene molecules lying on a crystalline metallic surface, as described in detail in the next section.
Scanning probe microscopy investigations. Low-temperature scanning tunnelling microscopy (LT-STM) allows us to directly observe individual molecules adsorbed on metal surfaces. Single molecule tautomerization can be induced by various external stimuli, namely heat, electron, and light. 14 has also been demonstrated that force-induced tautomerization can be studied using a combined STM and non-contact atomic force microscope. 17 Moreover, the single atom/molecule manipulation with LT-STM makes it possible to modify the local environment of individual molecules to control the tautomerization behaviour at the level of single atoms. 15 In order to study the static and dynamic properties at the single-molecule level, porphycene molecules were deposited on a single-crystalline metal surface under ultra-high vacuum conditions (10 À10 mbar) where an atomically well-defined environment can be obtained. Fig. 7 shows the topographic STM images of a single porphycene molecule adsorbed on a Cu(110) surface at 5 K. The sample was prepared in situ and the molecules were thermally evaporated from a Knudsen cell at 460-500 K onto an atomically clean surface. The relative stability of the tautomeric form is determined by the interaction between the molecule and the surface. It was found that the cis1 configuration is more favourable than the trans configuration on Cu(110), 15 in contrast to isolated molecules in the gas phase. This also implies that the presence of the surface could have a significant impact on the tautomerization mechanism. As shown in the previous sections, tautomerization of porphycene in the gas phase or in condensed phases occurs very rapidly via quantum tunnelling either in a coherent (isolated molecules) or incoherent (condensed phases) manner. [19] [20] [21] [23] [24] [25] However, spontaneous tautomerization of porphycene on Cu(110) via tunnelling was not observed at 5 K. The absence of the tunnelling process could be attributed to the reduced symmetry of the molecule caused by the adsorption.
DFT calculations have predicted that the molecular frame of porphycene on Cu(110), which is fully planar in the gas phase, is distorted due to the relatively strong interaction of free (amine) N atoms of pyrrole rings with the surface Cu atoms. 15 Additionally, the adsorption position of porphycene slightly deviates with respect to the high symmetry axis of the surface lattice underneath. The thermally induced cis1 2 cis1 tautomerization was observed above B78 K and its rate rapidly increases upon increasing the temperature (see the inset STM images of Fig. 7e ). 14 The tautomerization was directly monitored by recording the tunnelling current while fixing the STM tip position over a molecule (a feedback loop of the STM was disabled). In this method the time-resolution, determined by the bandwidth of the amplifier, is approximately 1 ms in the setup used. Tautomerization results in a random telegraph noise in the current trace (Fig. 7c ). The tautomerization rate was obtained by a statistical analysis of time intervals between the tautomerization events. Fig. 7e shows the temperature dependence of the tautomerization rate (i.e. Arrhenius plot) and the activation barrier was estimated to be 168(AE12) meV by fitting the experimental data to the Arrhenius equation.
Low energy electrons from STM can be used to control adsorbate reactions, as has, for a pioneering example, been demonstrated for the dissociation of oxygen molecules 44 and the rotation of acetylene 45 that can be induced by vibrational excitation through inelastic electron tunnelling processes. This capability makes STM a powerful tool to investigate single molecule chemistry on surfaces. 46 We found that the cis1 2 cis1 tautomerization of porphycene can also be triggered by tunnelling electrons, even at 5 K if the bias voltage (i.e. energy of a tunnelling electron) is sufficiently high, exceeding 150 meV (Fig. 8a-c) . For tunnelling electron-induced reactions, investigating the voltage and current dependence of the reaction rate (or yield) can provide deep insights into the excitation mechanism (so-called STM action spectroscopy). 47 Additionally, substitution of transferred hydrogen atoms with deuterium is a very common and effective approach to elucidate the mechanism behind hydrogen transfer reactions, as also described in previous sections. Fig. 8d shows the voltage dependence of the tautomerization yield (per electron) measured for h-and d 2 -porphycene. A threshold voltage is found around 150 mV, similar at opposite bias polarity (see the inset of Fig. 8) , thus revealing the threshold gap of 300 mV, which is too small to be rationalized by the electronic transition of porphycene since the S 1 state is located at 2.0 eV. 21 More importantly, a pronounced isotope effect was observed at higher voltages, indicating that the reaction is triggered by vibrational excitation via an inelastic electron tunnelling process. The threshold voltage around 150 mV that reveals a weak isotope shift could be assigned to excitation of a skeletal mode(s) of porphycene. For d 2 -porphycene a steep increase of the yield appears around 270 mV that nicely matches the N-D stretching energy. However, the second onset that should be associated with the N-H stretching mode is not clear for h-porphycene and a moderate increase was observed from 250 to 380 mV. The rising gradient of the yield was found to be related to the distribution of the vibrational density of states 48 and the widespread feature of the N-H stretch could be attributed to noticeable anharmonic nature. 49 As discussed in precedent sections, tautomerization may be susceptible to a local environment in condensed phases, e.g. an electrostatic field from neighbouring molecules or solvation. Investigation of such a local impact on tautomerization dynamics is extremely difficult using conventional spectroscopic methods that detect spatially averaged signals over large areas and therefore for many molecules at the same time. The local probing capability of STM instead allows directly addressing the dynamics of individual molecules in different local environments. Fig. 9a shows an STM image of a porphycene dimer connected with a single Cu atom. Interestingly, tautomerization was not observed in the dimer, suggesting that the potential landscape that is symmetric for an isolated molecule is considerably distorted, i.e. asymmetric (as shown in Fig. 9b ), in the dimer. Note that, for simplicity, we show a double-well potential in Fig. 9 , but the theoretical simulation predicts the stepwise reaction mechanism in which the meta-stable trans configuration exists. 17 However, tautomerization in the central molecule of a trimer (Fig. 9c) indicates that the potential landscape is restored to be symmetric, due to the local symmetry of the central molecule (Fig. 9d) . Additionally, tautomerization was also observed for inner molecules in larger clusters ( Fig. 9e and f) , indicating a rather weak influence from the second neighbouring molecule. All STM images were obtained at V bias of 300 mV which is sufficiently higher than the threshold required to induce the cis 2 cis tautomerization.
As mentioned above, the stable tautomeric form is sensitive to the surface underneath. On a Cu(111) surface (Fig. 10a ) porphycene prefers to adsorb in the trans configuration (Fig. 10b) . However, the cis1 configuration ( Fig. 10c ) also exists as a meta-stable form and the unidirectional conversion from the trans to cis1 configuration can be induced by tunnelling electrons or photo-irradiation. Fig. 10d illustrates the schematic potential diagram of the porphycene on Cu(111). Fig. 10e displays the STM images before and after illumination at 405 nm and the switched molecules are marked by white circles. When the surface was exposed to light, all the molecules were converted to the cis1 configuration, indicating that no backward reaction occurred. It should be noted that the reversible cis1 2 cis1 tautomerization also occurs under illumination. The illumination time-evolution of the trans -cis1 conversion was found to follow a first-order process. 18 On the other hand, the backward cis1trans conversion can be induced by heating the substrate up to B30 K and the temperature dependence measurement revealed the activation barrier of B42 meV.
Photochemical processes on a metal surface differ substantially from those in the gas phase or in solution. 50 In the former case, the excitation mechanism can be divided into a direct and indirect process. In the direct process, a photon is absorbed by molecules and the process resembles the conventional one, i.e. electronic transition of the molecule followed by a chemical reaction. However, a spectral response is expected to be blurred because discrete molecular states are considerably broadened through the interaction with the surface (mixing of molecular orbitals with continuous bands of a metal) as illustrated in Fig. 11a . This direct process is not usually a dominant channel, due to a relatively small absorption cross-section of adsorbates at low molecular coverages (e.g. below 1 monolayer). In the indirect process, photons are absorbed by the substrate and, as a consequence, hot carriers (excited electrons and holes) are generated near the surface. They are subsequently transferred to the adsorbed molecule, resulting in the reaction. In this case, the spectral response reflects the electronic structure of the substrate. Fig. 11b shows the wavelength dependence of the tautomerization cross-section measured with p-and s-polarized light. The cross-section rapidly increases at around 2 eV and the p-polarized light is more efficient than the s-polarized one at all wavelengths. No obvious molecular resonance appears and the onset at B2 eV matches the Cu d-band edge below the Fermi level. 51 Thus, it can be concluded that the indirect mechanism is the dominant excitation channel in this case. It should be mentioned that the observed cross-section of B10 À19 cm 2 in the visible-ultraviolet region is much higher than that of previously studied molecular switches on a metal surface, for example, azobenzene derivatives (10 À23 -10 À22 cm 2 ). Tautomerization of porphycene could therefore be a promising candidate as a photoactive molecular switch working directly on metal electrodes.
As discussed above, LT-STM allows directly addressing the role of the local environment in surface reactions. Fig. 11c shows an STM image of porphycene on Cu(111), where intrinsic surface defects are involved (highlighted by the red ellipse). The molecules near the defect did not switch from trans to cis1, even after very long irradiation times during which all the other molecules on the clean terrace have reacted. In order to examine such an effect of the local surroundings in a systematic manner, tautomerization has been investigated at varying molecular densities (Fig. 11d) . At low densities (0.03-0.23 nm À2 ), the molecules are well-separated from each other, and the reaction follows a first-order process. The cross-section was determined to be 9.8(AE0.2) Â 10 À20 , 1.34(AE0.04) Â 10 À19 , 1.37(AE0.05) Â 10 À19 , and 1.22(AE0.04) Â 10 À19 at 0.03, 0.08, 0.14, and 0.23 nm À2 , respectively, for 532 nm excitation wavelength. The cross-section appears to be slightly lower at 0.03 nm À2 , while a negligible difference for molecular densities of 0.08-0.23 nm À2 suggests that a long-range intermolecular interaction (e.g. dipole-dipole interaction) does not affect the tautomerization process in these regimes. However, the surface state of Cu(111) is expected to be influenced by molecular adsorption, in particular above a molecular density of B0.08 nm À2 . 16 This may cause changes in the optical absorption of the substrate and/or hot carrier dynamics and, consequently, the subtle difference in the tautomerization cross-section between 0.03 and 0.08-0.23 nm À2 . On the other hand, the cross-section substantially decreased at a higher molecular density (0.61 nm À2 ), and the experimental data do not perfectly follow a first-order process. Additionally, not all of the molecules were converted to the cis1 configuration, no matter how long they were exposed to light. At this density, the intermolecular distances become much smaller and some of the molecules are in contact with each other, as can be seen in the inset STM image of Fig. 11d . In this situation, molecule-molecule interactions would play a critical role. Furthermore, the lack of a highly ordered molecular arrangement may cause subtly different local interactions between molecules and, consequently, different tautomerization behaviour from molecule to molecule. This could be the reason why the evolution deviates from a first-order process at a molecular density of 0.61 nm À2 . The presence of unreacted molecules indicates quenching of tautomerization due to the intermolecular interaction.
As discussed above, porphycene represents a molecular switch responsive to various external stimuli. An interesting perspective for such functional molecules is the linking of different molecular building blocks to combine the various functions in a controlled fashion. It is a central objective in the field of monomolecular electronics 52, 53 to form well-defined arrays of functional molecules (as, for instance, molecular switches, rectifiers or wires). Such an assembly might represent a real nano-circuit with electronic behaviour, by analogy with classical semiconductor electronics. Self-assembly of molecules in supramolecular nanostructures by weak non-covalent interactions is a very common process in nature. 54, 55 These structures, however, lack high stability and thus durability under various environmental conditions. Furthermore, they typically do not exhibit efficient charge transport across the intermolecular bonds, which is a fundamental prerequisite in electronic applications. Hence, covalent linking of molecules appears to be much more promising in view of monomolecular electronics, as such bonds are characterized by their strength and the possibility of electron delocalization across it, capable of electrical transport.
Various groups have attempted to covalently link molecular building blocks on flat surfaces in the last few years and this so-called on-surface synthesis (for oligomers of limited length) Fig. 11 Light-induced tautomerization of porphycene on a Cu(111) surface. (a) Schematic energy diagram of a metal-molecule interface. Upon illumination photons are absorbed either by the molecule (red arrow, direct mechanism), or by the substrate (blue arrows, indirect mechanism). In the latter process, the photon absorption creates hot carriers in the substrate, which is followed by carrier attachment (either hot electron or hole) the molecular state, leading to a reaction. or on surface polymerization (for extended chains) in a bottom-up fashion became a rapidly growing field. [56] [57] [58] [59] [60] Most studies are carried out under ultra-high vacuum conditions to provide welldefined conditions and to exclude side reactions with the atoms/ molecules from the surrounding liquid or gaseous environment. While covalent linking is a standard procedure in conventional synthetic chemistry with isotropic solution or gas phase environments, the polymerization on flat crystalline surfaces offers specific advantages: (i) two-dimensional confinement for molecular diffusion and polymerization, 61 (2) an atomically defined environment that enables us to understand the influence of the surface on the elementary chemical processes (as for instance in catalytic reactions 62 ), and (3) the possibility for characterization of the molecules and molecular nanostructures in real space by scanning probe microscopy. On-surface synthesis is based on specially designed monomers, which react at specific pre-defined connection sites during the polymerization step. These monomers should be chemically inert and become reactive only after an activation step to prevent uncontrolled growth. One particularly popular approach is equipping the molecular building blocks with halogen substituents. 63 The concept (described in Fig. 12a ) is that molecular building blocks are equipped with halogen substituents and the carbon-halogen bonds are the weakest in the entire molecule. Hence, after deposition of the molecules (but potentially already in the evaporator 63 ) these bonds break first if the sample is heated. Accordingly, reactive sites are created at well-defined positions in the molecular skeleton, at which the molecules can form covalent bonds upon surface diffusion (particularly stimulated by the heating step) and molecular oligomers are formed.
Two examples are given in Fig. 12b and c where porphyrin building blocks are equipped with either two or four Br substituents. In the former case, the two halogen atoms are placed in a trans configuration which is important for the growth process. According to these different initial chemical structures, either one-dimensional chains (Fig. 12b ) or two-dimensional networks (c) are formed. The one-dimensional structures received particular interest in the last few years, resulting in molecular wires of different shapes and compositions. [64] [65] [66] [67] [68] Very recently, the construction of an asymmetric molecular node, which represents a key component in view of future nano-circuits in molecular electronics, has been achieved by combining different molecular building blocks under suitable conditions. 69 The power of on-surface synthesis is evident in Fig. 12b and c as the structure of the final polymer on the surface is precisely determined by the chemical structure of the initial building blocks, in particular their symmetry and the position of the halogen substituent groups, which encode their connectivity. This inherent chemical precision has been used for the development of a hierarchical growth scheme where different potentially reactive sites are sequentially activated. 70 Accordingly, linear chains are formed in a first step, which are then linked sideways in the second step -each step of this ''programmed reactivity'' involves different halogen substituents that are specifically addressed and activated by heat. Moreover, it has been demonstrated in the synthesis of graphene nanoribbons with precise control over the edge-structure, ranging from armchair 65 to zig-zag edges 71 that exhibit very particular chemical structures that are associated with different molecular properties.
If tautomerization could be controlled in molecular structures, the covalent assembly of the involved molecules offers high potential for future research. Specifically, there are several advantages in view of functional assemblies of molecules and monomolecular electronics.
(1) Tautomerization in molecules can be recognized as a switching process because various properties are modified in a controlled way, in particular the conductance of the molecules if located between two electrodes. 72 Hence, these molecules are of interest as potential molecular switches in miniaturized electronic circuits where they control the electric current by the tautomeric state. An important property in this regard is the molecular conformation during the process which changes Fig. 12 (a) Scheme of on-surface polymerization. After deposition of the molecular building blocks onto a surface, they are activated and connected to covalently bound molecular nanostructures. The creation of linear (b) and two-dimensional (c) molecular assemblies composed of porphyrin derivatives depends on the number and location of halogen substituents in the initial building blocks. From ref. 62. strongly in the case of the prototypical azobenzene isomerization. [73] [74] [75] Tautomerization is a very attractive alternative because the proton transfer is typically not linked to any strong conformational changes. Accordingly, it should be possible to maintain a contact of the molecule with other molecules or electrodes during the switching process.
(2) The switching state of the molecules can still be identified by scanning probe microscopy, due to their rather flat structure that is maintained in a two-dimensional nano-circuit on a surface. In the same regard, it should also still be possible to access the individual molecules in such an arrangement, thus being able to change their state in a controlled fashion. Note that there are different possible stimuli how the tautomerization can be induced (as discussed above and sketched for instance in Fig. 10d ).
(3) The process of covalent linking is very versatile, because (as discussed above) the final architectures can be designed precisely via the chemical structure of the initial building blocks. 70 In the case of porphyrin or porphycene, each molecule offers (at least) four potential connection sites in the two dimensions that could in principle be linked to other molecules in a sequential fashion, thus allowing additional control of the final structures.
Conclusions
Systematic studies of tautomerization of porphycenes by various spectroscopic and microscopic methods and under various conditions provide detailed information about the tautomerization mechanisms, which can readily be extended to other proton or hydrogen transferring systems. First of all, the reaction is dominated by tunnelling, even under conditions usually considered typical for ''above the barrier'' processes, i.e. room temperature solutions. In isolated molecules, coherent tunnelling is significantly affected by vibrational excitation. Thus, tautomerization is a multidimensional process, with contributions from both high (NH stretching) and lower frequency (skeletal) modes. Moreover, the impact of a specific vibrational mode on tautomerization can change upon isotope substitution of peripheral protons by deuterons, which are apparently far from the reaction centre (molecular cavity). This makes a proper description of tautomerism even more challenging.
Both experiment and theory suggest cooperativity between the two moving protons, resulting in a synchronous trans-trans conversion. However, the picture becomes much more complicated for a molecule adsorbed on a metal surface and specifically interacting with the surface atoms. Depending on which surface is used, both trans and cis forms can be detected. Moreover, both single and double hydrogen transfer reactions have been observed.
The knowledge about the vibrational modes involved in tautomerization can be useful for quantum control experiments based on selective vibrational excitation. It seems that such control is possible even for room temperature solutions, since for several porphycenes the reaction time is shorter than vibrational decoherence.
The use of three different techniques to monitor tautomerization in single molecules resulted in significant extension of the previous knowledge. Especially attractive in this regard were the results obtained by scanning probe microscopy. Tautomerization, induced by different external stimuli, i.e. heat, electron attachment, light, and force, could be directly visualized. Moreover, the reaction could be controlled by manipulating single atoms and molecules nearby the target molecule, revealing a local environmental impact and also providing precise control of a single-molecule switch. In this respect, it is worth mentioning that, in jet-isolated porphycenes, one observes a superposition of states, which is a realization of a qubit. A significant challenge for the future is a reliable control of such quantum states in condensed phases for the time periods suitable for practical use. Naturally, tautomerization of porphycenes can also be exploited in a classic fashion, e.g. in the design of rapid optical switches or logic gates. A clear benefit of the use of organic molecules is their capacity to self-assemble into ordered supramolecular architectures, enabling functionalized molecules to arrange in a programmed manner. A promising strategy for the use of porphycenes as molecular switches in the future is their linking in nano-circuits of single-molecule electronics by on-surface synthesis. The strong, covalent, intermolecular interactions should not hinder tautomerization in the individual molecules, but at the same time ensure high stability and charge transport from one molecule to another.
